Prior studies have demonstrated an association between prophylactic cranial irradiation (PCI) and subsequent decline in the Hopkins Verbal Learning Test (HVLT). In this analysis, prophylactic cranial irradiation is also associated with a higher rate of decline in self-reported cognitive functioning (SRCF). This study provides novel observations regarding the absence of a close correlation between decline in HVLT and decline in SRCF, suggesting that they may represent distinct elements of the cognitive spectrum.
Introduction
Recent clinical trials have demonstrated cognitive impairment as an adverse effect of cranial irradiation, based on recall and delayed recall testing using the Hopkins Verbal Learning Test (HVLT). For instance, RTOG 0214 was a phase III trial of prophylactic cranial irradiation (PCI) versus observation in patients with locally-advanced NSCLC [1] . RTOG 0214 tested HVLT as a secondary endpoint and observed greater decline in HVLT in the PCI cohort as compared to the observation cohort at 1-year follow-up [2] . Similar findings have been demonstrated in the setting of brain metastases [3] .
However, whether receipt of cranial irradiation is associated with subsequent decline in selfreported cognitive functioning (SRCF), as assessed using quality of life (QOL) questionnaires, remains ill defined. Slotman et al. attempted to address this question in a phase III trial of PCI versus observation for extensive-disease small cell lung cancer and observed a two-fold increase in the proportion of patients experiencing SRCF decline with significance on multivariate analysis [2] . One potential reason for the absence of statistical significance in these findings may have been limited sample size, as RTOG 0214 was not able to reach target accrual and both trials reported significant non-compliance with QOL follow-up.
To overcome this limitation, we pooled neurocognitive and quality of life data from RTOG 0214 with data from RTOG 0212, a phase II trial of high-dose versus standard-dose PCI for limited-stage small cell lung cancer. In addition to using HVLT for cognitive function testing, both RTOG trials utilized the same QOL instrument, EORTC Core Quality of Life Questionnaire (QLQ-C30), in which self-reported cognitive functioning is specifically assessed as a two-item functional scale.
Methods and Materials
The details regarding patient eligibility and treatment on RTOG 0212 and RTOG 0214 have been previously described [1, 5] . Briefly, eligibility for RTOG 0212 was limited to patients with limited-disease SCLC with complete response to chemotherapy and consolidative chest radiotherapy; Zubrod performance status of ≤1; and, RTOG neurologic function class of 1 or 2. Eligibility on RTOG 0214 was limited to patients with stage IIIA/B NSCLC with stable disease or complete/partial response after potentially curative therapy; no evidence of brain or extracranial metastases; and, resolution to grade ≤2 of any acute or subacute grade ≥3 toxicities from prior therapy. All patients signed an institutional review board-approved, study-specific consent form.
RTOG 0212 randomized patients to standard-dose PCI (25 Gy in 10 daily fractions) or highdose PCI (36 Gy). Those randomized to the high-dose PCI underwent a second randomization to receive PCI in 18 daily fractions of 2.0 Gy per fraction or 24 twice-daily fractions of 1.5 Gy per fraction [5] . RTOG 0214 randomized patients to PCI (30 Gy in 15 daily fractions) or observation [1] (Figure 1 ). Both trials are registered with ClinicalTrials.gov, numbers NCT00057746 (RTOG 0212) and NCT00048997 (RTOG 0214).
QOL and HVLT Assessments
In both studies, self-reported outcomes were captured prospectively using the EORTC QLQ-C30. EORTC QLQ-C30 is a 30-item self-report questionnaire containing multiple QOL domains (scales) [6] . For this analysis, global quality of life as well as each symptom and functional scale, including SRCF, were analyzed separately. Specifically, SRCF is a twoitem functioning scale captured with questions pertaining to concentration and memory. As with other functional scales, higher scores indicate better functioning. EORTC QLQ-C30 scores were converted to lie in a range between 0-100, according to the guidelines of EORTC [7] . EORTC QLQ-C30 has been previously shown to be a reliable and valid instrument in patients with lung and other cancer diagnoses [6, 8] .
effects of repeated administrations. Each form includes 12 nouns (targets) with 4 words drawn from 3 semantic categories, which differ across the 6 forms. The test involves memorizing a list of 12 targets for 3 consecutive trials (Recall) and recalling the 12 targets after a 20-minute delay (Delayed Recall). Raw scores can range from 0-36 for HVLT-Recall (HVLT-R) and 0-12 for delayed recall (HVLT-DR).
In both studies, baseline HVLT and EORTC QLQ-C30 were completed following definitive loco-regional therapy but before the initiation of PCI or observation. Serial follow-up HVLT and EORTC QLQ-C30 testing was performed at 6 and 12 months after study entry. Since patient follow-up did not always occur at exactly 6 and 12 months follow-up, data obtained within 4 weeks before or after these time points were included. Data collected at additional time points of 24, 36 and 48 months after study entry were not included in this analysis due to substantial long-term non-compliance. Each patient served as his/her own control, as the difference in scores obtained at baseline and at 6 and 12 months after randomization were calculated.
Statistical Methods
Data from RTOG 0212 and RTOG 0214 were pooled for this exploratory analysis, evaluating whether receipt of PCI predicted for decline in HVLT and/or SRCF. To minimize the confounding effects of intracranial relapse, all patients who developed an intracranial relapse prior to follow-up evaluation were excluded. Patients with missing follow-up assessments were excluded from analysis of the applicable time point. Comparisons of categorical patient characteristics were done using chi-square test statistics, and comparisons of continuous patient characteristics were done using the F-statistic from analysis of variance.
Baseline comparisons of continuous HVLT scores were done using the Kruskal-Wallis twosided rank test to compare means. Follow-up scores were analyzed using the reliable change index (RCI) method [10] , which allows for changes from baseline to be classified as either a decline, stability, or improvement in function. Logistic regression analysis [11] was used to evaluate whether use of PCI was predictive of decline in HVLT or EORTC QLQ-C30 functional or symptom scale. These models were adjusted for factors that were predictive for decline, such as baseline score, age, gender, education level, marital status, PCI dose or baseline Zubrod performance status. Baseline score was evaluated continuously and as a categorical variable (impaired vs. unimpaired). Baseline HVLT and EORTC QLQ-C30 scores were considered impaired if the score was ≥ 1.5 standard deviations (SDs) worse than the mean of the normative age-adjusted distribution [12, 13] . For PCI dose, patients were categorized as standard dose PCI (2.5 Gy × 10 on RTOG 0212 or 2.0 Gy × 15 on RTOG 0214), high dose PCI (2.0 Gy × 18 or 1.5 Gy × 25 on RTOG 0212) or no PCI. Associations between decline in SRCF, HVLT, or other EORTC QLQ-C30 functional or symptom scale was tested using the Fisher's exact test, with agreement evaluated using the Kappa correlation statistic [14, 15] .
To prevent inflation of type I error, the decision was made a priori to assign statistical significance for analyses of any EORTC QLQ-C30 functional or symptom scale, including 
Results
A total of 621 patients were accrued to RTOG 0212 (n=265) and RTOG 0214 (n=356). Of these, 252 patients (95%) on RTOG 0212 and 331 patients (93%) on RTOG 0214 completed either baseline HVLT or EORTC QLQ-C30 testing and were included in this analysis ( Figure 2 ). Of the 410 patients treated with PCI, 158 came from the NSCLC study RTOG 0214, and 252 came from the SCLC study RTOG 0212. All 173 patients who did not receive PCI came from RTOG 0214. Comparison of PCI to observation cohorts demonstrated that patients treated with PCI were more likely to attain an educational level of high school equivalence or higher (p=0.02), compared to patients treated without PCI (Table 1) . Otherwise, PCI and observation cohorts were similar with respect to age, gender, partner status, and baseline Zubrod performance status. Compliance with HVLT and EORTC QLQ-C30 assessments at 6 and 12 months follow-up did not differ between PCI and observation cohorts ( Figure 2 ).
Higher baseline HVLT-R and HVLT-DR scores were observed among patients receiving PCI (p=0.02 and p=0.02, respectively) and high-dose PCI (p=0.004 and p=0.01, respectively) ( At 6 and 12 months follow-up, PCI was associated with higher rates of decline in HVLT-R, HVLT-DR, and SRCF ( Figure 3 ). No other associations were observed between PCI and decline in global health status/quality of life or other EORTC QLQ-C30 functional or symptom scales (data not shown). For HVLT-R and -DR, baseline impairment was associated with lower rates of decline at 6 months (p=0.0003 and p=0.001, respectively) and 12 months (p=0.002 and p=0.03). Similar results were observed when baseline score was assessed continuously (data not shown). For SRCF, baseline score assessed continuously or categorically (impaired vs. unimpaired) was not associated with subsequent decline at 6 or 12 months. Age>60 was associated with higher rates of HVLT-DR decline at 12 months (p=0.02).
In a multivariate logistic regression model of HVLT-R decline at 6 and 12 months, both receipt of PCI (p=0.002 and p=0.002, respectively) and baseline HVLT-R impairment (p=0.0002 and p=0.003, respectively) remained independently predictive ( (Table 3 ).
Discussion
In this analysis of pooled HVLT and quality of life data from RTOG 0212 and RTOG 0214, we observed at least a three-fold elevated risk of decline in SRCF 6 and 12 months following PCI as compared to observation in lung cancer patients who did not develop brain relapse. This adverse quality of life effect of PCI was selective for SRCF and was not similarly appreciated with global health status/quality of life or any other EORTC QLQ-C30 symptom or functional scale. Similar results, presented in abstract form [16] , have been observed in the EORTC trial of adjuvant whole-brain radiotherapy versus observation following surgical resection or radiosurgery for 1 to 3 brain metastases. Using the EORTC QLQ-C30 questionnaire to examine health-related quality of life, patients who underwent whole-brain radiotherapy were noted to have decline in SRCF at 12 months follow-up. The summation of these and our findings provides the first evidence of a cognitive functioningspecific quality of life detriment to cranial irradiation and emphasizes the importance of counseling patients on cranial irradiation-induced cognitive decline not just captured on intensive memory testing but also self-reported.
Another salient finding of this study is the poor agreement between HVLT and SRCF in detecting decline in cognitive functioning, raising important questions about our current understanding of cognitive decline following cranial irradiation. Firstly, prior studies have shown a decline in list-learning recall and delayed recall, as captured by HVLT, between 3 and 12 months after cranial irradiation [2, 3, 17] . However, the findings from our study question whether this HVLT decline is pertinent to self-reported quality of life and/or perceptible to patients. Secondly, prior studies have demonstrated a potentially selective effect of cranial irradiation on HVLT and not on other cognitive domains, assessed using conventional cognitive tests [17] . However, our study demonstrates an effect of PCI on SRCF in the absence of a close correlation between SRCF and HVLT. This finding suggests that cranial irradiation may induce decline in another as yet unidentified cognitive domain that may be more closely correlated with SRCF. To address both of these questions and further enhance our understanding of the cognitive effects of cranial irradiation, future prospective trials of cranial irradiation should expand beyond HVLT and the two-item 
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Independent of the effects of PCI or age, patients with baseline impairment in HVLT-R or -DR were significantly less likely to develop subsequent HVLT decline. This may be due in part to the limited score range of HVLT. The reliable change index defines decline as an absolute score reduction outside a test's standard error. However, to achieve this absolute score reduction, patients who start at a substantially lower baseline score would require a larger percentage decrease in their follow-up score. This becomes especially problematic in HVLT-DR, for instance, where the score range is 0-12 and where baseline impairment for ages 70-86 is defined as a score less than 4.50 [12] . These findings highlight the importance of investigating cognitive tests with larger score ranges, as is currently being done on RTOG 0925 and RTOG 0933.
At 6 and 12 months, statistically significant correlations were observed between SRCF decline and decline in self-reported physical functioning. In addition, SRCF decline was correlated with increasing fatigue and appetite loss at 6 months, but these associations were lost at 12 months. These findings suggest that SRCF decline may be due, in part, to declining performance status, iatrogenic causes (e.g., pain medications), or extra-cranial disease progression. However, the absence of any effects of PCI on self-reported physician functioning, fatigue and appetite loss, and the relatively low kappa statistics suggesting fair strength of agreement [18] , indicate that PCI-associated decline in SRCF is likely not explained by these effects alone.
The results of this study should be placed within the context of the established intracranial control and survival benefits of PCI in certain clinical settings of small cell lung cancer. Prior studies of whole brain radiotherapy in patients with brain metastases have observed an association between intracranial tumor progression and neurocognitive function [17, 19] . Similar studies have not been conducted in the PCI setting. In this study, an attempt to evaluate HVLT and EORTC QLQ-C30 decline in patients who developed brain relapse was limited due to substantial non-compliance following brain relapse. However, given the aforementioned findings in the brain metastasis setting, it is reasonable to assume that the emergence of intracranial metastases may also have potentially adverse neurocognitive effects.
The findings of this study do contrast with those reported by Li et al. [20] , who observed a significant correlation between neurocognitive function and quality of life at baseline and 4 months following whole-brain radiotherapy in patients with brain metastases. However, both our study and Li et al. were similar in observing no such correlation at 6 months follow-up.
In addition, our study has a number of methodological differences from the Li et al. study. Firstly, the first follow-up evaluation in our study was 6 months, preventing an evaluation of potential correlations at earlier time points. Secondly, our study correlated decline of HVLT with decline in quality of life, whereas Li et al. correlated raw HVLT and quality of life scores. Lastly, Li et al. examined all patients with brain metastases following whole-brain radiotherapy, irrespective of intracranial progression. Our study specifically excluded patients with brain relapse to avoid the confounding effects of intracranial disease.
Pooling data from RTOG 0212 and RTOG 0214 was feasible due to the uniformity of quality of life and HVLT instruments and the serial assessment time points (6 and 12 months follow-up). However, pooling these data raises concerns over the interpretation of data from two distinct disease processes. For instance, in this study, the observation cohort consisted entirely of patients with NSCLC, while the PCI cohort was a mixed population of SCLC and NSCLC patients. To address this concern, we excluded any patients who developed brain relapse prior to follow-up evaluation. In addition, while RTOG 0214 randomized patients to PCI or observation, RTOG 0212 randomized patients to high-or standard-dose PCI. Prior analysis of RTOG 0212 has demonstrated an association between high-dose PCI and increased chronic neurologic toxicity. However, in that analysis, high-dose PCI was not specifically associated with greater HVLT decline. Similarly, to elucidate the HVLT and quality of life impact of radiation dose in this pooled analysis, we separated patients receiving low-dose PCI (25 Gy) from those receiving high-dose PCI (36 Gy) on RTOG 0212 and pooled them with all patients receiving PCI (30 Gy in 15 fractions) on RTOG 0214. Comparisons demonstrated no difference between high-and low-dose PCI in terms of HVLT or SRCF decline, which permitted inclusion of these patients into a singular PCI cohort.
In conclusion, for lung cancer patients who do not develop brain relapse, PCI is associated with decline in not just HVLT-tested but also SRCF at 6 and 12 months follow-up. However, HVLT decline and SRCF decline are not closely correlated, suggesting that they may represent distinct elements of the cognitive spectrum. Table 2 Logistic regression models of association of PCI with decline in HVLT-Recall, HVLT-Delayed Recall, and self-reported cognitive function. Table 3 Correlations between decline in self-reported cognitive functioning and decline in HVLT or other EORTC QLQ-C30 functional or symptom scales at 6 and 12 months follow-up. 
